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A versatile Rotary Chemical Vapour Deposition (RCVD) technique for the in-situ synthesis of large scale 
carbon-coated non-magnetic metal oxide nanoparticles (NPs) is presented, and a controllable coating 
thickness varying between 1–5 nm has been achieved. The technique has significantly up-scaled the 
traditional chemical vapour deposition (CVD) production for NPs from mg level to 10 s of grams per 
batch, with the potential for continuous manufacturing. The resulting smooth and uniform C-coatings 
sheathing the inner core metal oxide NPs are made of well-crystallised graphitic layers, as confirmed 
by electron microscopy imaging, electron dispersive spectrum elemental line scan, X-ray powder 
diffractions and Raman spectroscopy. Using nylon 12 as an example matrix, we further demonstrate 
that the inclusion of C-coated composite NPs into the matrix improves the thermal conductivity, from 
0.205 W∙m−1∙K−1 for neat nylon 12 to 0.305 W∙m−1∙K−1 for a 4 wt% C-coated ZnO composite, in addition 
to a 27% improvement in tensile strength at 2 wt% addition.
As one of the most abundant elements in the world, carbon has accompanied with human beings from the ancient 
time as the main energy source to the 21st century, and now becomes one of the most studied materials in lab-
oratories. Its several different forms, such as graphite, diamond, fullerenes, carbon nanotubes and graphene, 
have all attracted immense research interests owing to their excellent thermal, mechanical, optical and electrical 
properties1–6, and to the great potentials for key engineering applications in the fields of solid lubricants, superca-
pacitors and battery electrodes, nanodevices and composites. Metal oxides are widely used in catalysis, photolu-
minescence, composites, thermal-resisting, semiconducting industries, and in surface protection from acid and 
alkali corrosions, due to their super hardness and richness in material choices and properties, and highly thermal 
and chemically stable features7–10. The joining of carbon and metal oxides could offer combined advantages of 
both materials in terms of their chemical and physical properties, and investigation into such combinations in 
the bulk forms had been conducted previously and indeed extended their applications in sorbents, batteries and 
supercapacitors, etc3,5,11.
At nanoscale, new properties originating from the nanoscale effect will make the joining of carbon and 
metal oxides more interesting12, and significant properties are expected. With the previous success in metal 
oxide NPs production, C-coating on NPs to form core-shell structured composite NPs is logically an ideal 
way to joining them together. Given the vast amounts of literature available for surface modification of car-
bon nanomaterials13–16, carbon sheathed NPs could adopt the layered hexagonal graphitic structure of carbon, 
offering high conductivity, flexibility and versatility towards applications. Indeed, early attempts had prepared 
such carbon-wrapped metal oxide composites using plasma sputtering deposition, CVD, solvothermal synthesis 
and template growth17–20, among which the CVD method allowed for easy thickness control and tuneable layer 
1College of Engineering, Mathematics and Physical Sciences, University of Exeter, Exeter, EX4 4QF, United Kingdom. 
2Faculty of Engineering, the University of Nottingham, Nottingham, NG7 2RD, United Kingdom. 3School of Materials 
Science and Engineering, Jiangsu University of Science and Technology, No. 2 Mengxi Road, Zhenjiang, 212003, 
China. Correspondence and requests for materials should be addressed to Y.Z. (email: y.zhu@exeter.ac.uk)
Received: 4 May 2017
Accepted: 5 September 2017
Published: xx xx xxxx
OPEN
www.nature.com/scientificreports/
2Scientific RePoRTs | 7: 11829  | DOI:10.1038/s41598-017-12200-1
quality21–23. However, a normal static CVD failed to scale-up, and coating individual particles was hard to achieve 
due to the sintering effect and strong tendency of NP agglomeration24. A recently improved CVD system was 
reported by Liu et al., and they achieved a small amount of high quality onion-like layered graphitic carbon coat-
ing on CoO, named as CoO@C25, which exhibited a very good cyclic stability in lithium ion batteries. To tackle 
the key problem of agglomeration and realise a truly large scale production, Xu et al. have developed a rotary 
chemical vapour deposition (RCVD) system26, and have successfully realised an efficient, effective and continu-
ous production of C-wrapped inorganic fullerene WS2 composite NPs, IF-WS2@C. The physical rotary movement 
of the RCVD effectively counters the NP agglomeration, whilst the CVD part maintains the simple, uniform, and 
controllable advantages of a conventional static reactor for the synthesis of IF-WS2@C composite NPs.
In this study, we will investigate the full potential of the RCVD process, extend and explore the C-coating in 
a wide range of interesting micro- or nano-sized non-magnetic metal oxides, including MOX (M = Ce, Cr, Zr, Y, 
Ti and Zn, where x = 1, 1.5 and 2). We then further demonstrate the actual advantages of the resulting MOX@C 
composite NPs in example polymeric composites, against the un-coated NPs. Nylon 12 has been chosen for this 
study because of its superb ability of loading reinforcing materials, with many examples for comparison, includ-
ing the hotspot carbon materials such as carbon nanotubes and graphene27,28.
Experimental
All the metal oxide particles (<100 nm) and styrene (analytical reagent 99.99%) were purchased from 
Sigma-Aldrich. Ethanol and acetone (analytical reagent 99.99%) were bought from Fisher-Scientific.
Preparation of graphitic carbon coated metal oxide nanoparticles (MOX@C NPs). Various 
C-coated metal oxides were prepared following the modified RCVD method reported by Xu et al.29. As illustrated 
in Fig. 1a, the raw material was sealed in the quartz tube and protected by argon flow. In addition, a mechanical 
rotation was applied to the quartz working tube and the particles would be shaken and separated by the fric-
tion force from the tube wall and its gravity which anti-countered the self-agglomeration and avoided sintering. 
Typically, 10 g of different metal oxide NPs were dispersed respectively into 100 ml ethanol under vigorous mag-
netic stirring for 1 h without any surfactant, followed by ultrasonic probe dispersion for 30 min. The resulting 
mixture suspension was first dried at 80 °C in a long tube furnace (VecStar Ltd.) to obtain dry powder, which was 
then ground in an agate mortar to eliminate the bulk residual, and finally transferred into the inlet part of the long 
quartz tube (2 meters long with an inner diameter of 35 mm). The carbon precursor was prepared by ultrasonic 
mixing of acetone and styrene solutions with a volume ratio of 4:1. The reaction zone of the system was sealed by 
the designed rotary seals at both ends. The rotation system was started with Ar flow of 100 ml/min, and 2 ml/h of 
the carbon precursor was introduced into the reaction zone for 15 to 60 min, at temperatures varying from 550 °C 
to 1000 °C, and then naturally cooled down to room temperature under Ar protection. After the RCVD process, 
a controllable layer of carbon, depending on the reaction duration and temperature, precursor concentration and 
flow rate, etc., was deposited, as illustrated in Fig. 1b.
Preparation of MOX@C-Nylon 12 nanocomposite. A 1:1 mixture of ethanol and distilled water was 
used to disperse the powders. Taking ZnO@C composite NPs as an example, the fraction of ZnO@C NPs in the 
nylon 12 matrix powder is 1, 2, and 4 wt%, respectively. First, the ZnO@C NPs and nylon 12 powder were sepa-
rately dispersed in 100 ml of the alcohol-water solution, and then followed by 1 h vigorous magnetic stirring. The 
two resulting suspensions were mixed together and subjected to powerful ultrasonic-probe treatments for 15 min. 
The well-mixed suspension was heated at 100 °C under magnetic stirring for 1 h on a hot plate to remove most of 
the solvent, followed by drying in an oven at 120~140 °C for 24~48 h for a complete removal of the solvent. The 
mixed powders were transferred onto a glass slide of 190 to 210 °C sitting on a hot plate. After a few minutes, the 
powders were melted completely to form a thin film (m.p. of nylon 12, 178~180 °C30), and the glass slide was then 
removed from the hot plate and allowed to cool naturally. The resulting composite film could be easily peeled off 
from the glass slide for subsequent study.
Characterisations. X-ray diffraction (XRD) patterns were acquired using a Bruker D8 Advance diffrac-
tometer working with a Cu Kα (Ni-filtered) radiation at λ = 0.15418 nm. The testing 2θ angles were 15–40°, 
with a scanning step size of 2θ = 0.03°. The Raman spectra were obtained from a Renishaw Raman spectro-
scope with a laser wavelength of 532 nm, for the evaluation of the carbon vibration modes of the MOX@C NPs. 
Thermogravimetric analyses (TGA) were carried out with a TA instrument - SDT Q600D machine, in order to 
Figure 1. A sketch of (a) the Rotary Chemical Vapour Deposition (RCVD) system, and (b) the carbon coating 
processes during the RCVD synthesis.
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assess the thermal stability of the composites, at a heating rate of 10 °C∙min−1 under air flow of 100 cm3∙min−1. 
Measurements were recorded from room temperature to 700 °C, using an average sample mass of 10 mg. The mor-
phology analysis of the MOX@C NPs were studied by Scanning Electron Microscope (HITACHI S3200N SEM). 
In order to increase the contract for those inorganic particles, all the samples were subjected to gold pre-coated 
treatment using plasma sputtering deposition. Transmission Electron Microscope (TEM) images were acquired 
from a JEM-2100 TEM attached with an energy dispersive spectrum (EDS–Oxford EDS instrument) operated at 
200 kV. The scanning transmission mode was used to evaluate the distribution and structure of the coated carbon 
layers. UV-Vis spectrum (JENWAY-6715 UV-Vis Spectrophotometer) was used to measure the absorbance inten-
sity of the MOX@C NPs suspension with a concentration of 5 mg∙ml−1. The measurement step was 0.1 nm and the 
testing wavelength ranging from 200 to 600 nm. NETZSCH LFA 467 HypeFlash machine was used to analyse the 
thermal conductivities of the MOx@C-nylon 12 nanocomposites, with a specimen size of 10 × 10 mm and thick-
ness of ca. 0.5 mm. The tensile property was measured using a mechanical testing machine (Lloyd Instruments), 
with a specimen size of 50 × 5 × 0.5 mm and a gauge length of 30 mm at a pulling rate of 5 mm∙min−1. At least 5 
samples were tested for each batch of composites.
Results and Discussion
All the MOX@C NPs were synthesised under the same conditions of 30 min at 800 °C. The structures of the 
MOX@C NPs were characterized by XRD, and the results are shown in Fig. 2a. Compared with the XRD patterns 
of the original metal oxides, a new peak at 2θ around 26.2° for all MOX@C NP samples is observed. Different from 
the amorphous carbon showing a broad peak at 2θ around 26.2°, this weak but sharp peak is believed to originate 
from the (002) diffraction of graphitic carbon31, indicating a high level of graphitisation for the coating layer. 
The enlarged peaks from 26° to 27° are shown in Fig. 2b. In the case of TiO2, its (110) peak around 26° overlaps 
with the (002) peak of graphitic carbon32, which results in the sharpest diffraction peak with highest intensity 
around 26°. The intensity ratio of carbon to metal oxide is quite low, implying that the amount of the carbon in the 
MOX@C NPs is small therefore the coating should be thin.
The Raman spectra of the NPs are presented in Fig. 2c. All MOX@C NPs show peaks around 1350 cm−1 (D 
band) and 1590 cm−1 (G band) those are originated from the bond stretching of pairs of sp2 atoms in both chains 
and rings and sp2 atoms in the breathing vibration modes in rings, respectively33,34. The D band arises from the 
disordered carbon, and the G band represents the sp2 – hybridized crystalline carbon. Therefore, the intensity 
ratio of D band to G band indicates the crystallization level of the carbon coating, i.e. the higher value of ID/IG, 
the more defects inside the specimen33. In these MOX@C NPs, the ZrO2@C NPs exhibit the lowest ID/IG value 
therefore it possesses the highest graphitic crystallization level35, and the second is the Y2O3@C NPs, whereas the 
rest of MOX@C NPs all show fairly good crystallization.
The particle morphologies before and after the C-coating were examined by SEM to visualise the overall 
feature of the NPs, and example results of ZnO and TiO2 are shown in Fig. 3. It is obvious that both types of NPs 
exhibit similar particle size distribution, with/without the C-coating. There were no visible morphological differ-
ences under SEM examination for all NPs, which suggest that the RCVD appears to be an effective and versatile 
way for the production of a wide range of C-coated metal oxide NPs, without changing their original morpholo-
gies and free of agglomeration.
The detailed structure and morphology features of individual MOX@C NPs were further investigated by TEM, 
and the resulting images are shown in Fig. 4. In Fig. 4a, the ZnO@C NPs exhibit an average particle size of 
c.a. 30–50 nm, with a bright carbon shell homogenously covering the dark ZnO core. The zoomed image of the 
selected area shows the thickness of the coating < 2 nm with a lattice fringe of ~0.34 nm which corresponds to 
the (002) graphitic carbon31. This observed very thin coating is in consistent with the weak (002) peak intensity 
obtained in above XRD analyses. The EDS line scan clearly demonstrates that the C-coating is smoothly sheathed 
the entire particle surface. In particular, the almost constant C intensity signals when crossing the particle con-
firm that the coating has a uniform thickness. The TiO2@C NPs exhibit similar morphology and structures to the 
ZnO@C NPs, as shown in Fig. 4b.
We further demonstrated the uniform feature of the carbon shell by completely removing the ZnO core. This 
was conducted by re-heating the ZnO@C NPs at 800 °C under H2 to first reduce the ZnO to metal Zn, which 
Figure 2. (a) and (b) XRD patterns and (c) Raman spectra of the MOX@C NPs.
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then evaporated leaving behind the carbon shells. The resulting shells are displayed in Fig. 4c. The majority of the 
empty shells exhibit an individual, complete and spherical characteristic that resembles the size and shape of the 
original ZnO NPs, whilst a few shells show an irregular, large feature. These large shells must have formed from 
two or three adjacent particles that were wrapped together (arrowed in Fig. 4c). It is noteworthy that although not 
all the NPs are sheathed individually during the RCVD, nevertheless the overall quality of the coating is very high.
As presented above, all the metal oxide particles are in nanoscale, which makes them prone to agglomeration 
at high temperature, leading to the formation of bulk coating containing a number of particles. This is one of the 
challenges for conventional techniques to scale-up the production of NPs beyond laboratory level. In this regard, 
the novel RCVDs can effectively prevent the particle agglomeration while generating individual MOX@C NPs 
in large scale without damaging the original structure of the metal oxide particles. The constant moving of NPs 
during the RCVD process, as shown in Fig. 1b, effectively allows the atomic carbons to make contact with the 
entire NP surface (in contrast to a static CVD where part of the stationary NP surface will not be exposed to the 
carbon atoms) so that a fully covered surface with a uniform thickness can be achieved. Furthermore, there are no 
isolated amorphous carbon spheres found as a by-product, which verifies that the chosen RCVD parameters are 
appropriate for the generation of graphitic coating.
The thermal stability of various MOX@C NPs is shown in Fig. 5a, and the degradation is due to the oxidation 
or burning of the outer carbon shell to form CO2. These profiles show different starting and ending degradation 
temperatures, and different degradation speeds which are a reflection of the graphitisation level, as highly gra-
phitised carbon will be oxidised slowly at higher temperature36. The ZnO@C NPs show the highest starting deg-
radation temperature (TS) at 463 °C, while the CeO2@C NPs have the lowest TS at 361 °C, and the other NPs are 
around 390–400 °C. The ending degradation temperatures (TE) for these MOX@C NPs are between 550–570 °C, 
except CeO2@C NPs which is at 500 °C. Accordingly, the slopes of weight loss are quite complex, associated with 
the onset TS. These weight loss characteristics are comparable to or even better than many other forms of nano-
structured carbon materials, such as graphene and carbon nanotubes as coating layers demonstrating the high 
quality of graphitic coating37,38.
From the Raman spectra, the ZrO2@C NPs have relatively better crystallisation with the lowest ID/IG (=0.58) 
than the other NPs (Fig. 2c). However, their TE does not appear to be the highest, only sitting in the middle, and 
is comparable to that of Cr2O3@C and TiO2@C NPs. Also for the ZnO@C NPs, although their XRD profile shows 
the broadest (002) peak and their Raman spectrum has higher ID/IG value (=0.96), both suggesting relatively 
poorer crystallised coating than others, they exhibit the highest TE. Therefore, the quality of the carbon coating 
is not only associated with the crystallization level, but also influenced by other properties of the core material. 
The interfaces of each metal oxide are fairly different, hence they could affect both the TS and TE of MOX@C NPs. 
We believe that the different thermal stabilities among these coated NPs should be associated with the individual 
surface chemistry and crystalline structures of the core, and a better match with those of the coating would lead to 
higher quality of graphitization and stronger adhesion with the core, resulting in high TE. In the case of ZnO NPs, 
it has a lattice constant of 0.325 nm39, which matches very well with the 0.34 nm layer spacing observed in the 
coating, which promotes the coating growth and the formation of a strong adhesion to the ZnO core. Therefore, 
the ZnO@C NPs exhibit the highest TE.
Figure 3. Representative SEM images of selected NPs: (a) ZnO and (b) ZnO@C, and (c) TiO2 and (d) TiO2@C.
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To contrast the coating amounts against different metal oxides is quite complicated, because the NPs have 
different densities (i.e. different numbers of NPs for 10 mg samples used for TGA), therefore the percentage of 
weight loss does not necessarily to be a direct reflection of the carbon weigh loss for one particle. By assuming a 
uniform particle size and particle stacking density, we can approximately normalise the percentage of the weight 
loss shown in Fig. 5a, and have obtained Fig. 5b for different MOX@C specimens by using the ZnO NPs as a stand-
ard. The normalised results have shown that the residual weights for all MOX@C NPs are ca. 92%. Therefore, the 
C-coating on different NPs is nearly constant. This analysis offers further evidence that the RCVD process can 
precisely control the carbon coating thickness, to produce MOX@C NPs at large scale.
Figure 4. TEM images of (a) ZnO@C and (b) TiO2@C NPs. The insets are the corresponding EDS-line scan 
patterns; and (c) the carbon shell after the removal of ZnO core.
www.nature.com/scientificreports/
6Scientific RePoRTs | 7: 11829  | DOI:10.1038/s41598-017-12200-1
The dispersion property of the NPs in water based solutions was analysed using UV-Vis spectra, as shown in 
Fig. 6a, to provide an understanding of the key dispersion parameter for future composite fabrication. Using ZnO 
as a typical example, we prepared the water based suspensions of ZnO and ZnO@C NPs with the assistance of 
1 wt% of SDS (Sodium Dodecyl Sulfate), in order to evaluate the coating influence on the sediment rate (oppo-
site to dispersion) of these insoluble NPs. Higher adsorption is an indicator of uniform dispersion, whereas a 
lower adsorption indicates rapid sediment resulted from agglomeration. A strong ZnO UV-Vis peak at 325 nm 
was chosen in this study. After 1 h, the absorbance intensity of ZnO@C NPs remained as high as 98%, whilst the 
plain ZnO only maintained 42% of its original intensity. After 24 h, the plain ZnO NPs was completely dropped 
to the bottom of the container and there was hardly any adsorption in the spectrum, however the ZnO@C NPs 
suspension remained over 85% of its original intensity. This result has clearly demonstrated that the surface mod-
ified MOX@C NPs have significantly improved their dispersal ability with suitable surfactant. The C-coating on 
the NPs has offered important potentials for anti-countering the agglomeration issues associated with NPs, with 
a similarly modifiable behaviour to those of the well-documented carbon nanotubes40, so that mature surface 
modification strategies are readily available for achieving strong interface bonding and good dispersions. This 
excellent surface tuneable feature of the C-coating offered by the RCVD process could open up new opportunities 
for the fabrication of nanocomposites.
To further validate the above potentials, we attempted to embed selected MOX@C NPs into nylon 12, in 
an effort to take advantages of the thermal and mechanical properties of C-coatings and the intrinsic high 
hardness features of the metal oxides. By using the simple water/ethanol solvent mixing method, we fabricated 
ZnO@C NPs-reinforced nylon 12 model composites, in comparison to the plain ZnO NPs-reinforced samples. 
We will focus our investigation mainly on the evaluation of the key mechanical and thermal properties of the 
composites, to validate the role of the C-coating in the composites, and further to consolidate the success of 
the RCVD process.
Further validation was achieved in the tensile strength between the ZnO-nylon 12 and ZnO@C-nylon 12 
nanocomposites at filler contents from 1 to 4 wt%, and the results are presented in Fig. 6b. Compared with the 
plain nylon 12 sample, the ultimate tensile strength of the 2 wt% composites increases to 54.5 MPa and 59.6 MPa, 
which corresponds to an improvement of 16% and 27% for ZnO and ZnO@C, respectively. By modifying the 
surface chemistry of the ZnO with the carbon coating, it can not only affect the nanoparticles dispersability in 
the solution and finally in the composites, but also improve the interface adhesion with the nylon 12 matrix. 
At 4 wt% however, the ZnO@C-nylon 12 sample exhibits lower ultimate tensile strength than the ZnO. It is 
Figure 5. (a) The original and (b) normalised TGA curves of different MOX@C NP specimens.
Figure 6. (a) UV-Vis absorbance spectra intensity comparison of the plain ZnO and ZnO@C NPs; (b) 
The ultimate tensile strength of the ZnO-nylon 12 and ZnO@C-nylon 12 nanocomposites at different filler 
contents.
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well-documented that the enhancing effect of spherical NPs is not that obvious41, therefore the 27% improvement 
at an optimal 2 wt% of Zn@C NPs addition is very impressive.
The corresponding thermal conductivities of both composites, ZnO@C-nylon 12 and ZnO-nylon 12, are 
shown in Fig. 7. At 25 °C, the thermal conductivity of the neat nylon 12 is only 0.205 W∙m−1∙K−1, which sets 
the standard for comparison between the two composites. With the NP addition, the thermal conductivities 
have been improved for both composites, as shown in Fig. 7a, however at different enhancements for different 
amounts of NPs. These values increase gradually with increased NP contents, but the plain ZnO NPs-reinforced 
composites only show a marginal improvement whilst the ZnO@C NPs-reinforced composites exhibit a linear 
enhancement feature. The thermal conductivity of the ZnO@C NPs-reinforced samples is enhanced by 22, 35 and 
49% (reaching an absolute value of 0.305 W∙m−1∙K−1) for the 1, 2 and 4 wt% NPs addition, respectively (Fig. 7b). 
At 4 wt% addition, the improvement of the ZnO@C -nylon 12 composite is 3 times higher than that of the neat 
ZnO-nylon 12. This result directly demonstrates the positive role of the C-coating in improving the thermal 
properties of a polymeric composite.
The level of enhancement reported here for the ZnO@C NPs is of significance, because the 49% improvement 
at 4 wt% of the core-shell NPs (where the core ZnO is much heavier than carbon) is virtually comparable to 
the effect of graphene as a filler to reinforce nylon composite42. Graphene has been reported to possess the best 
thermal conductivities (2000–4000 W∙m−1∙K−1)41. Therefore, the small amount of effective carbon in the NPs has 
generated a huge improvement, which indicates its high efficiency. This high efficiency is most likely originated 
from the improved dispersion and interface bonding of the ZnO@C NPs within the nylon 12 matrix. Detailed 
investigation will be followed as it is beyond the scope of this report.
Conclusion
To sum up, we have demonstrated a simple, generalised, and multi-purpose RCVD system for the in-situ 
synthesis of uniform, controllable and highly graphitised C-coating on various metal oxides, to create nano-
scale core-shell composite NPs. A vast amount of nano- and micro-sized particles can be effectively and 
nearly individually coated with an ultra-thin graphitic carbon layer of 1–5 nm thick, at large scale. The 
resulting core-shell composite NPs have indeed combined the advantages of graphitic carbon and metal 
oxides, benefiting their surface modification and dispersion in composite fabrication. Further investigation 
using ZnO@C NPs as an example filler in nylon 12 matrix has shown that the C-coating has led to a 49% 
improvement in thermal conductivity and 27% increase in tensile strength for the composites at a small 
amount of filler addition. This research opens up new opportunities for MOX@C core-shell NPs to be uti-
lised in the creation of high performance polymeric nanocomposites with specifically desired functionalities 
based on the oxide cores.
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